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Abstract
3d transition metals play a pivotal role in many charge transfer processes in catalysis and biology.
X-ray absorption spectroscopy at the L-edge of metal sites probes metal 2p-3d excitations providing key access to their valence electronic structure which is crucial for understanding these processes. We report L-edge absorption spectra of Mn 
I. Introduction 3d transition metals play an important role as electron donors or acceptors in many catalysts
and metalloproteins where they facilitate charge migration and charge transfer reactions. [1] [2] [3] For a mechanistic understanding of these reactions, detailed knowledge of the local valence electronic structure at the transition metal sites is essential. X-ray absorption spectroscopy (XAS) at the metal L-edge is an ideal tool for studying this electronic structure. It directly probes the metal 3d-derived orbitals via metal-centered 2p-3d transitions being sensitive to the oxidation state and spin state of the probed metal center, as well as to the ligand environment. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] Studying the important class of solution-phase 3d transition metal complexes and catalysts with L-edge absorption spectroscopy requires special consideration for dedicated in-vacuum sample delivery and adapted soft x-ray detection methods. Soft x-ray absorption spectroscopy of liquid samples has been realized following different conceptual approaches. For example, liquid flow-cells based on soft x-ray transmissive membranes can be used for transmission-detected, [14] [15] [16] [17] [18] fluorescence yield-detected 19 and ion yield-detected XAS, 20 but their use for studying metal complexes in solution is limited due to the inherent difficulty of avoiding x-ray induced sample damage. [21] [22] In a recent approach a highly sensitive photon detector was used for fluorescencedetected XAS of frozen samples, but the applicability of this approach to solution samples of dilute metal complexes at ambient conditions has not yet been proven. 23 Alternatively, Rayleigh-flow liquid jets have been developed 24 and have been used for XAS with continuous replenishment of the liquid sample. [25] [26] Due to the fast sample flow through the x-ray interaction region, x-ray damage is avoided for most experiments. Since, however, the diameter of such jets is typically on the order of several tens of micrometers and therefore much larger than the typical attenuation length of soft x-rays of most solution samples, these jet systems cannot easily be used for measuring XAS in transmission mode without detrimental distortion effects. Instead, they have been mostly used for XAS in fluorescence-detected mode 11, [26] [27] or for photoelectron spectroscopies. 28 Measuring L-edge XAS in transmission mode has several advantages over the more conventional electron-or photon-yield detection methods. First, it allows for determination of absolute absorption cross sections in contrast to determination of relative cross sections with other XAS methods. This is important as it enables inter-system comparison of the metal-ligand covalency in different compounds since the integrated L-edge XAS intensities are proportional to the number of holes in the metal 3d-shell and to the metal 3d-character 7, 10, 29 (or inversely the degree of covalence bond character) of the probed valence orbitals. 30 Second, an advantage compared to detecting the partial fluorescence yield (PFY) for PFY-XAS 31 is that XAS in transmission mode is unaffected by state-dependent fluorescence yield, which can lead to relative peak intensities deviating from the cross sections due to spectrally variable intensity of the fluorescence signal.
27, [31] [32] [33] In this paper, we demonstrate L-edge XAS in transmission mode of dilute prototypical Mn complexes in solution using a liquid flatjet system. 34 This flatjet provides a stable liquid sheet with thicknesses on the order of 1 µm, which is close to the soft x-ray attenuation length of most solvents, allowing for solution-phase soft x-ray absorption spectroscopy in transmission mode. [35] [36] Flow rates on the order of 4 ml/min guarantee a continuously replenished stream of liquid sample resulting in measurements not delimited by sample damage induced by the probing x-rays. This approach offers new capabilities in the study of 3d transition metal complexes in solution. sections of L-edge XAS, on the interpretation of selected spectral features, and on the comparison of spectra from XAS and from PFY-XAS. We compare our experimental spectra to those calculated with the widely used crystal-field multiplet (CFM) and charge-transfer multiplet (CTM) methods, 7, [37] [38] to ab-initio calculations based on the restricted active space (RAS) approach. [39] [40] [41] [42] [43] [44] We conclude our study with an assessment of alternative applications of our experimental approach, namely for studying highly dilute biological systems and for using our approach with 
Experimental Setup and Data Analysis.
All experiments were performed with the recently reported transmission flatjet setup 34 at the undulator beamline UE52-SGM 45 of the BESSY II synchrotron radiation facility. A schematic side view of the setup is given in Fig. 1A .
Two sample flasks, one with pure solvent ethanol and one with ethanol solution of the studied Mn complex, were connected to the switching unit (Jasco LG-2080-02S). An HPLC pump (Jasco PU-2085-Plus) injected the selected liquid sample into the x-ray probing region at pressures between 3.0 and 4.0 MPa, keeping the flow rate at a fixed value of 3.4 ml/min. The flatjet was formed by two colliding jets (inner nozzle diameters 48 µm) resulting in a primary liquid sheet formation with typical horizontal and vertical extensions of ~1 mm and ~ 3 mm, respectively. The thickness of the liquid sheet changes between 0.5 and 3.5 µm on a mm length scale within the first sheet, 34, 36 but is constant in the range of the x-ray spot diameter of approximately 60 µm. 45 The sheet was placed in the focus of the x-ray beam and horizontally centered with respect to the probing x-ray spot and vertically adjusted for the desired effective thickness. The recycling unit introduced in ref. 34 was not used. Instead, we trapped the liquid sample at 77 K below the x-ray probing region, which allowed for working pressures around ~10 -3 mbar in the experimental chamber. The experimental chamber was separated from the beamline with a differential pumping stage to warrant appropriate vacuum conditions for both the beamline and the experimental chamber. The primary sheet of the liquid flatjet was typically probed here at thicknesses between 2.5 µm and 3.2 µm. The photon flux L(h) transmitted through the sample was recorded as a function of the photon energy by a calibrated photodiode (Hamamatsu G1127-04 2K) that was positioned on the x-ray beam axis at ~0.4 m distance from the liquid jet and was read out by a Keithley Electrometer (model 6514B). The noise level of this transmitted flux strongly depends on the stability of the transmission flatjet and was measured around 0.1 % for the most stable jet (here the detected noise is dominated by Nexp) and around 0.6% for rather unstable jet conditions. The photon flux0(h) incident on the sample (I0) was scanned separately, after removing the liquid jet from the x-ray beam. The noise of this signal was determined around 0.1%. The transmission spectra were eventually obtained from the quotient TL(h) = L(h)/0(h). Further details of the setup can be found in ref. 34 .
For a spectrum scan, the monochromator was scanned in steps of 0.1 eV (1 s integration time per step) over the Mn L-edge region (630-660 eV). The O K-edge region (500-700 eV) was scanned (in 1 eV steps) to determine the sheet thickness with tabulated O K-edge absorption cross sections from Henke's tables. [46] [47] Typical acquisition times for a single-scan spectrum were around 10 min. The monochromator slit size was set to 120 µm or 150 µm, corresponding to bandwidths of 300 meV or 380 meV, respectively, at the Mn L-edge. The beamline flux was on the order of 1x10 12 photons/s (diode current ~20 µA) in the Mn L-edge spectral region. In case the spectrum and reference scans were recorded with different monochromator slit sizes and 0 , respectively, the reference signal was rescaled with a linear factor / 0 . This procedure was checked for consistency as shown in the Supporting Information (S.I.), section 1.1.
All diode signals were normalized by the storage ring current of the BESSY II synchrotron radiation facility. All transmission curves and further processed spectra shown in this paper were corrected by this fitted attenuation factor Att.. We note that with this procedure we lose information about the spectral intensity of the edge-jump on the high-energy side of the Mn L-edge absorption spectra.
Further details on the data analysis are summarized in the S.I., section 1.
Density Functional Theory (DFT).
The molecular structures used for the restricted active space calculations (see below) were obtained from ground state density functional theory (DFT)
calculations (using a DFT/B3LYP solvent optimization). The same geometries were also used for the RAS calculations in ref. 13 . The molecular structures of the two complexes are displayed in 44 , including dynamic correlation effects within the RASPT2-approach improved the spectrum quality of the Mn III complex significantly as compared to RASSCF calculations (see Fig. S9 in the S.I.). RAS spectra were calculated for T=300 K and were broadened with a Gaussian broadening of = 0.127 eV (0.3 eV FWHM) and 0.2 eV and 0.7 eV Lorentzian lifetime widths (FWHM) for the L3 and L2
edges, respectively. 59 This approach is the same as for the theoretical RAS spectra given in ref. 13 .
For comparison to the calculated spectra in ref. 13 we checked that changing the solvent from acetylacetone to ethanol has no effect on the calculated L-edge spectra (shape and energies of the spectra are indistinguishable for the different solvents described with continuum polarization models). The calculated incident photon energy axis was corrected to match experimental energies.
The same shift of -3.09 eV was applied to the XAS spectra of both Mn II (acac)2 and Mn III (acac)3 calculated with RAS for matching the experimental L3-edge maximum in Mn II (acac)2 from ref. 13 .
CFM and CTM Multiplet Theory.
Crystal field multiplet (CFM) 37 and charge transfer multiplet (CTM) 38 calculations can provide important insights to the influence of specific effects to L-edge XAS, as they enable for systematically varying and "switching on and off" relevant interactions in L-edge XAS. 7, 10, 37-38 CFM and CTM calculations of Mn L-edge spectra were implemented using the multiplet program by Thole et al. 60 and the CTM4XAS interface. 61 All spectra were calculated for T=300 K. CFM and CTM spectra were broadened with 0.2 eV and 0.7 eV Lorentzian lifetime widths (FWHM) for the L3 and L2 edges, respectively, 59 and a Gaussian broadening of = 0.127 eV (0.3 eV FWHM) throughout, unless further specified. All CFM and CTM calculations are based on Slater integrals that were reduced to 80% of their Hartree-Fock atomic values. All CFM and CTM fit parameters are given in Table S1 in the S.I.. The parameters for the CTM fits of XAS are equivalent to those applied for the CTM fits of PFY-XAS spectra shown in ref. 13 . The energy axes of the final CFM and CTM spectra are corrected by constant offsets such that the L3-edge maximum position coincides with that of the experimental spectrum, unless indicated otherwise. Shifts of -0.7 eV and -0.5 eV were applied to all CFM spectra of Mn
2+
in tetrahedral (Td) and Mn 3+ in octahedral (Oh) symmetry, respectively, for all values of 10 Dq, to align the L3-edge maxima of the best-fitting spectra to those in the experimental spectra. All CFM spectra of Mn 2+ and Mn 3+ calculated in D4h symmetry were aligned to the L3-edge absorption maxima of the experimental spectra.
III. Results and Discussion

Transmission XAS of Dilute Metal Complexes in Solution.
In Figs In Fig. 2C we show the relative transmission dips due to Mn L-edge absorption, that were obtained from division of the experimental transmission curves ( where NA is Avogadro's number. With this we retrieve the final absorption cross-section spectra in units of Mb (1 b=10 -28 m²), being thus independent from the experimental parameters.
These absorption cross section spectra of Mn A second observation concerns differences in the absolute absorption cross sections and associated [62] [63] ). With absolute cross sections we can also compare integrals of the L-edge absorption spectra for the two complexes. The total L-edge intensity is interpreted as proportional to the number of holes in the 3d-derived valence orbitals and their associated covalency 7 .
Obtaining the integrated intensity in Mb·eV can therefore reveal information on the occupation number of these valence orbitals. We find (for integration over the full energy range shown in The error bars reflect the uncertainty of the cross sections claimed above and comprise systematic uncertainties due to differences in the background subtraction scheme (linear background as applied here vs. edge-jump background as applied in ref. 7 ). which "provide a mechanism for increased Mn-np mixing into the ligand orbitals". 65 to appear in considerable amounts at x-ray doses on the order of 10 6 Gy. [21] [22] In case of insufficiently replenished samples such doses can quickly be reached at typical synchrotron radiation beamlines. For our experiment we estimate that the doses absorbed by the flatjet samples are on the order of ~20 Gy and thus five orders of magnitude below the critical threshold. We conclude that with our transmission flatjet we measure spectra unaffected by (dose-dependent) 
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Spectrum Calculations with RAS.
In Fig. 3B we show Mn L-edge XAS spectra of 72 and, more specifically, on the spectrum observable in Mn L-edge XAS. 37 For Mn 2+ a weak pre-edge peak below the L3-edge in Fig. 5 splits off on the low energy side of the main L3-edge maximum with increasing separation as 10
Dq is increased. With respect to this pre-edge peak, the best qualitative match to the experimental spectrum is found for 10 Dq=0.6 eV. Moreover, all other peaks in the L3-edge seem to broaden when 10 Dq is increased. Varying 10 Dqfor Mn 3+ leads to dramatic redistribution of intensities in the spectra and, in particular, to the appearance of a strong pre-edge feature on the low energy side of the L3-edge. The best qualitative match with experiment is found for 10 Dq=1.5 eV (the calculated CFM(Td/Oh) spectra with shapes best matching experiment are marked with arrows in The 30-40% smaller value of 10 Dq from CFM theory compared to UV-vis may be explained with an "increased localization of the 3d states in the presence of the core hole" (ref. 4 
and ref.17 therein).
We are not aware of any UV-vis data or values of the ligand field splittings in Mn II (acac)2 to which we could reference our value of 10 Dq, but the value is consistent with crystal-field theory that predicts 10 Dq of tetrahedral complexes to be 4/9 of the value of corresponding octahedral complexes. 72 We note that the simulated CFM spectra in Fig. 5 13 where no particular assignment of peaks to specific orbitalexcitations was found.
Spectrum Fits using CFM and CTM Theory.
In Fig. 6 we compare the best fitting CFM(Td/Oh) spectra from Fig. 5 to more quantitative multi-parameter fits that we performed within the CFM and CTM frameworks. With respect to the CFM model the CTM approach uses a valence bond configuration interaction model to include charge transfer (CT) states with energy separations CT and mixing parameters T. 8 The CFM and CTM multi-parameter simulations were implemented in D4h symmetry where additional parameters Ds and Dt include the energy splittings due to Jahn-Teller distortion.
In Fig. 6 we observe that the best fitting spectra from our single-parameter CFM(Td/Oh) fits show strong similarity to the spectra obtained from the multi-parameter CFM(D4h) fits, yet with better qualitative agreement to the experimental spectra of Mn detected XAS with respect to PFY-detected XAS from ref. 13 . Note that the same absolute energy calibration for all experimental spectra was used and all spectra were normalized to the same intensity at the L3 edge maximum. We identify almost all features of the transmission XAS spectra also in the PFY-XAS spectra and for each complex the specific energy of the features agree well. These observations of state-dependent fluorescence yield are consistent with earlier studies. [31] [32] [33] 48 Based on CFM analyses, Miedema et al. find that the 2p-3d exchange interaction in the XAS final states (quantified by the Slater integrals Gpd) is mainly responsible for differences in the L3,2-edge branching ratios in PFY-XAS as compared to XAS and also for the suppression of the L3 pre-edge 75 (herein called pre-edge peak). They argue that the exchange interaction orders the energy of XAS final states within the L-edge spectrum in accordance with their total angular momenta J, resulting in high-J states at the "low-energy side" (the pre-edge peak) of the L3-edge and low-J states at the high energy side. The high-J states "tend to have lower fluorescence strengths, while there is no influence on the major (Auger) decay channel from these XAS final states". 75 With this, the suppression of the pre-edge peak and the enhancement of the L2-edge features in PFY-XAS as compared to XAS can be explained. As high-J states have tendentially high total spin S, these findings are consistent with XAS spectrum analyses of Mn II (acac)2 and Mn III (acac)3 using RAS, revealing the ordering of XAS final states by their spin multiplicity (2S+1). 13 Comparisons of the calculated PFY-XAS to the XAS spectra from RAS in Figs. 7C and 7D reproduce all observations discussed above. This confirms that in our RAS approach the intraatomic effects responsible for state-dependent fluorescence yield are taken into account albeit with deviations in the calculated relative XAS versus PFY-XAS intensities at the L2-edge compared to experiment. Table- Top X-ray Sources.
Potentials of the Method for Highly Dilute Samples and
Based on an extrapolation of our results we now discuss the application of L-edge XAS with a transmission flatjet to other experimental designs with, first, low sample concentrations on the order of 1 mM as achieved for many biologically relevant samples 1, 12 and, second, with lower photon fluxes, as available for example from table-top soft x-ray sources. [76] [77] [78] [79] [80] [81] [82] [83] An important factor delimiting the quality of a spectrum is the signal-to-noise ratio (S/N). From the absorption spectra shown in Fig. 3A we estimate that the relevant multiplet structures of a Mn L-edge spectrum are minimally resolved, if features with absorption signals of 1 Mb have a S/N≥1.
From our measurements we identify two terms contributing to the total noise N of a transmission spectrum, namely the experimental noise Nexp due to detection and x-ray source noise and the "jet- Along the vertical axis of Fig. 8A we observe that signal amplitudes decrease with decreasing concentrations and assuming a constant noise level this also implies that the S/N decreases. We can use this plot to estimate, for a given sample thickness, the feasibility of measuring meaningful
Mn L-edge spectra (here in ethanol solution) of samples with different concentrations in the transmission flatjet, using the simple criterion S≥N where N is the dominant noise term. With this we expect that, assuming a stable flatjet (correspondingly with a dominant noise term Nexp) with a typical thickness of 3 µm, measurements for sample concentrations ranging from several 100 mM down to the order of 10 mM are feasible within a single scan.
For highly dilute biological samples with concentrations on the order of 1 mM with Fig. 8A we expect that measuring a sufficiently resolved single-scan spectrum is unfeasible under our experimental conditions, since S<Nexp. At a sample thickness of around 3µm one would need to average around 25 single-scan spectra (each with S/Nexp=0.2) to increase the effective S/N to a minimum value of 1. In our experiment, this would correspond to around 4 h of data acquisition and a total sample consumption on the order of 1 liter, where we assume that no sample recycling unit is employed. 34 Sample consumption, however, is a limiting factor in spectroscopy of many precious samples such as biologically relevant complexes and metalloenzymes. Solutions of metalloproteins, in particular, are often available in volumes on the order of 1 ml only. Such measurements therefore rather require slowly flowing liquid jets with flow rates on the order of 1 µl/min 12 or sophisticated sample recovery systems for the transmission flatjet. 34 The latter would need to be optimized for recycling and rehydrating sensitive solution samples after exposure to vacuum and the probing x-rays to constantly guarantee unspoiled sample conditions.
Along the horizontal axis of Fig. 8A the signal amplitudes increase with increasing sample thickness. If the dominant noise stays largely constant, a different way to increase S/N of low concentrated samples would therefore lie in increasing the sample thickness and therefore also S/N. However, this concept is limited by the increased absorption by the solvent, which leads to an increased shot noise Nstat and to a decreased detector signal, saturating close to the zero-level of the detector. The former effect is estimated in Fig. 8A , where at large sample thicknesses we expect Nstat>S. The latter effect is illustrated in Fig. 8B for some typical solvents, assuming our experimental conditions at 10 12 photons/s, where at thicknesses between 10 and 30 µm the transmitted signal (colored lines) dips below the detection limit of our detector (gray dotted line).
We now turn our discussion to applications of L-edge XAS on the transmission flatjet using table-top soft x-ray sources 77, [79] [80] [81] [82] [83] which have mostly lower average flux than used in our study.
For example, earlier implementations of soft x-ray sources based on high harmonic generation provide on the order of 10 4 photons/s in the spectrum range and spectral bandwidth used in our study. 76, 78 With Fig. 8A we expect that reducing the photon flux delimits the parameter space where our method provides single-scan spectra with S/N>1, as the statistical noise Nstat is increased. For sample thicknesses around 3µm we expect this experimental feasibility for sample concentrations on the order of several 100 mM and larger. Three major observations can be made in Fig. 8C . First, in an ideal experiment acquisition of Mn L-edge XAS in a transmission flatjet is most efficient at a sample thickness at 2.9 µm (for ethanol) independent of the sample concentration. This coincides with the flatjet thicknesses used in our experiments. Our above discussion, however, shows that with our non-ideal experimental noise it is favorable to increase the sample thickness beyond Lmin. Second, for a given photon number per spectrum data point one can read off the theoretical minimum in sample concentration which in an ideal experiment could be measured with S/N>1 in a single-scan. For example, for soft x-ray sources with a flux on the order of 10 4 photons/s, this would be expected for sample concentrations on the order of a few 100 mM. Third, the figure shows that in an ideal experiment where only statistical noise contributes, measuring absorption spectra of samples with concentrations as low as 1 mM may be detectable already with 10 9 photons per spectrum data point. Reaching such ideal experimental conditions will require further reduction of the experimental (detection and x-ray source) and jet-induced noise sources.
IV. Conclusions
In this paper we present results from L-edge x-ray absorption spectroscopy of dilute transition metal complexes in solution using a transmission flatjet. We show that this approach is ideally suited for probing dilute radiation sensitive transition metal complexes in solution, here for Wrote the paper: M.K., Ph.W., with contributions from all authors.
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We report absolute x-ray absorption cross sections at the L-edges of Mn we show the connection between electronic structure and x-ray cross sections. We extrapolate the applicability of our approach to studying metal L-edge absorption spectra of highly dilute biological solution samples and possible extensions to table-top soft x-ray sources.
